Background--Living near major roadways has been linked with increased risk of cardiovascular events and worse prognosis. Residential proximity to major roadways may also be associated with increased risk of hypertension, but few studies have evaluated this hypothesis.
growing body of evidence suggests that living near major roadways may be detrimental to cardiovascular health. Specifically, residential proximity to major roadways has been associated with increased prevalence of coronary heart disease, 1 increased risk of acute myocardial infarction, 2 increased risk of stroke mortality, 3 increased risk of death following stroke 4 and acute myocardial infarction, 5 increased evidence of coronary atherosclerosis, 6 increased left ventricular mass index, 7 narrower retinal arteriolar diameter, 8 and reduced renal function. 9 The specific agent or agents responsible for these associations are not completely known. Proximity to roadways with high traffic volumes has been associated with increased levels of several traffic-related air pollutants, 10, 11 as well as increased traffic noise. 12, 13 Ambient fine particulate matter (PM 2.5 ) has been convincingly associated with cardiovascular morbidity and mortality, with air pollution from traffic playing a key role. 14 Transportation noise has also been associated with cardiovascular morbidity and mortality even after adjusting for local air pollution levels. [15] [16] [17] Individuals living closest to major roadways also generally have lower individual and/or neighborhood socioeconomic status, 18, 19 highlighting the importance of addressing potential confounding by socioeconomic factors. Hypertension is a major risk factor for premature cardiovascular disease and may be a potential causal intermediate between residential proximity to major roadways and decreased cardiovascular health. Indeed, a number of studies suggest that long-term exposure to traffic-related air pollutants and noise may each be associated with higher blood pressure and/or higher risk of hypertension, [20] [21] [22] [23] [24] [25] [26] [27] [28] although the results for air pollution have not been entirely consistent. [29] [30] [31] However, few studies have specifically evaluated whether living close to major roadways is associated with hypertension, with some, 23, 31 but not all 29 prior studies suggesting an association.
This question is important because the majority of the world's population now lives in a city (%80% in the United States), and this proportion continues to grow. Thus, understanding the potential health consequences of our physical environment is of increasing public health significance. Accordingly, we evaluated the cross-sectional association between residential proximity to a major roadway and prevalent hypertension among postmenopausal women enrolled in the San Diego cohort of the Women's Health Initiative (WHI), adjusting for a number of potential confounders.
Methods Study Design and Study Participants
We used baseline data from the San Diego cohort of the WHI study to quantify the cross-sectional association between residential proximity to the nearest major roadway and the prevalence of hypertension. The WHI is a national, prospective study of postmenopausal women, consisting of a randomized Clinical Trial (CT) component and an Observational Study (OS) component. 32 Between 1993 and 1998, the CT enrolled 68 133 postmenopausal women aged 50 to 79 into trials testing hormone therapy, dietary modification, and calcium/ vitamin D supplementation strategies for disease prevention. Concurrently, the OS recruited a cohort of 93 676 women to study the relationship between lifestyle, health, risk factors, and specific disease outcomes. A total of 5626 women from San Diego County were enrolled into either the CT (n=2060) or OS (n=3341) components of the WHI. The study was approved by the institutional review boards at each participating institution, and all participants provided written informed consent.
Assessment of Exposure and Outcome
Blood pressure measurements were performed at the WHI clinical site by trained personnel using standardized procedures, as previously described. 33 We used the average of 2 blood pressure measurements taken 30 seconds apart following a 5-minute rest during the respondent's last screening visit. We defined hypertension as previously described in WHI. 34 Briefly, at enrollment, participants were asked whether they had been diagnosed with high blood pressure or hypertension by a physician and whether they were taking medications for hypertension. Medication inventories were conducted at enrollment, and the product or generic name of the medications on the label was entered into the study database and matched to the corresponding item in a pharmacy database (Master Drug Data Base; Medi-Span, Wolters Kluwer Health, Indianapolis, IN). Consistent with prior studies in WHI, 34 we considered participants to have prevalent hypertension if they met any of the following criteria at enrollment: a systolic blood pressure (SBP) ≥140 mm Hg, a diastolic blood pressure (DBP) ≥90 mm Hg, a self-reported history of physiciandiagnosed hypertension, or self-reported use of medication for the treatment of hypertension. At enrollment in the WHI, 94% of women with self-reported hypertension treatment had an antihypertensive agent in the baseline drug inventory. 34 We geocoded residential addresses using ArcGIS 9.3 (ESRI, Redlands, CA) and calculated the Euclidean distance to the nearest major roadway, defined as freeways, freeway ramps, or prime arterial roads. We could not geocode the residential addresses of 225 (4.0%) of the 5626 participants due to post office box addresses (n=125), addresses outside San Diego County (n=93), or missing addresses (n=2). Therefore, this analysis included 5401 participants for whom data on residential distance to nearest major roadway were available.
Upon enrollment, participants provided comprehensive self-reported information on demographics, lifestyle, diet, and medical history through standardized questionnaires. Body weight, height, and waist and hip circumference were measured at the WHI clinical site, as previously described. 33 Body mass index (BMI) was calculated as weight (kg) divided by the square of height (m). Physical activity was measured by asking respondents about their weekly frequency, intensity, and duration of exercise and walks longer than 10 minutes. Metabolic equivalent values were then allocated as previously described, 35 and total physical activity was calculated as a sum of metabolic equivalent/hours per week. To determine neighborhood socioeconomic and food environment features, we used street-network buffers drawn in various distances from each participant's home address. To establish a buffer area of distance x miles, lines were drawn from a given address to x miles away along all possible street routes and the buffers are formed using the detailed streetnetwork buffer option of the Network Analyst Extension in ArcGIS. This approach attempts to accurately describe an area within reasonable reach from a given location and has been described in built environment literature as "behaviorally relevant." 36 We estimated median household income (areaapportioned from the 2000 US Census) and percent of population that is nonwhite within half mile, 1-mile, and 3-mile buffers around each residence as proxies for neighborhood socioeconomic characteristics. We also estimated the density of supermarkets, grocery stores, fast food, and convenience stores per 10 000 population (apportioned from the 2000 US 
Statistical Analysis
We used a modified Poisson procedure with robust error variance to assess the cross-sectional association between residential distance to nearest major roadway and the prevalence of hypertension, adjusting for potential confounders. The modified Poisson model provides a direct estimate of the prevalence ratio (and 95% CI) whereas, in this context, standard logistic regression would instead provide an estimate of the prevalence odds ratio. 38 We modeled residential distance to nearest major roadway in 4 categories: ≤100, >100 to 200, >200 to 1000, and >1000 m. In a first model, we adjusted for potential confounding by age (natural cubic spline with 3 df), study component (OS versus CT), ethnicity (white non-Hispanic, Hispanic, or other), smoking status (current, former, or never), education (<high school, high school, some college, college graduate, or professional degree), household income (<$35 000, $35 000 to <$50 000, $50 000 to <$100 000, and ≥$100 000), and median household income and percent of residents who are nonwhite in a 1-mile buffer. In a subsequent model, we additionally adjusted for the following variables that could plausibly be considered either confounders or causal intermediates: total cholesterol (linear continuous), BMI and waist-hip ratio (each with natural cubic spline with 3 df), history of diabetes, and physical activity (tertiles). In a third model, we further adjusted for potential confounding by the density of supermarkets, grocery, and limited-service stores per 10 000 inhabitants. We tested for trends across exposure categories by assigning each exposure category the natural log of the median distance within that category and including the term as a continuous variable in the regression model. The resultant P value represents the linear component of trend on the natural log scale. We used multiple imputation by chained equations 39 to create 20 data sets with missing covariates imputed. All variables were missing in <1% of participants, except for household income, which was missing in 4.1% of participants, and smoking status, which was missing in 1.0% of participants. Each of the imputed data sets was obtained by cycling through each imputation with 50 iterations. We performed a number of sensitivity analyses to assess the robustness of our results. First, to evaluate the sensitivity of our results to the choice of exposure categories, we instead considered the following categories of residential distance to nearest major roadway: ≤50, >50 to 200, >200 to 400, and >400 m. Second, we considered the natural log of residential distance to nearest roadway as a continuous variable. Third, to further assess the functional form of this association, we modeled the natural log of distance to roadway using a natural cubic spline with 3 df. Fourth, we restricted analyses to participants living <4000 m from a major roadway. Fifth, we considered supermarket, grocery, and limited-service outlet density within half-mile and 3-mile network buffers instead of the 1-mile buffer used in the main analysis.
In an additional set of analyses, we used linear regression to estimate the association between residential distance to major roadways and either SBP and DBP using 5 different modeling approaches: (1) all participants, no adjustment for antihypertensive treatment; (2) all participants, adjusted for antihypertensive treatment; (3) restricted to participants without self-reported antihypertensive medication; (4) restricted to participants with self-reported antihypertensive medication; and (5) a censored regression approach that attempts to predict untreated SBP or DBP for participants using antihypertensive medications. 31, 40 In all models we again adjusted for potential confounding by age, study component, ethnicity, smoking status, total cholesterol, BMI and waist-hip ratio, history of diabetes, physical activity, education, household income and percent nonwhite residents within a 1-mile buffer, and density of supermarkets, grocery, and limited-service stores per 10 000 inhabitants.
We assessed whether the association between residential distance to nearest major roadway and prevalent hypertension varied by race, age, education level, history of diabetes, study component, and household income by including interaction terms in the fully adjusted models.
In exploratory post-hoc analyses, we used Cox proportional hazards models to estimate the association between residential distance to nearest major roadway and incident hypertension, defined as SBP ≥140 mm Hg or DBP ≥90 mm Hg. Of the 5401 participants, 3132 were free of hypertension at baseline, 979 of whom had at least 1 blood pressure measurement after enrollment. Due to the limited sample size, we considered only 3 categories of residential distance to roadway (≤200, >200 to 1000, and >1000 m). As in the main analysis, in a first model we adjusted for age, race, smoking, education, family income, marital status, alcohol consumption, percent of population nonwhite, and average household income in 1-mile buffer. In subsequent models we additionally adjusted for BMI, waist-hip ratio, diabetes, physical activity, cholesterol and separately, additionally adjusted for density of supermarkets, grocery stores, convenience stores, and limited-service outlets.
Analyses were performed in Revolution R Enterprise version 6.2 (Revolution Analytics, Palo Alto, CA). A 2-sided P-value of 0.05 was considered statistically significant.
Results
At enrollment, the mean age of participants was 64.7 (SD=7.7) years, and the prevalence of hypertension was 42% (Table 1) . A majority of participants were white nonHispanic (75%), had at least some college education (69%), and had an annual household income of less than $50 000 (64%). Approximately half of participants (51%) were current (Figure 1 ). Prevalence of hypertension increased monotonically across categories of decreasing distance to nearest major roadway, adjusting for age, race, smoking, study component, education, household income, marital status, alcohol consumption, and 2 markers of neighborhood socioeconomic status (Table 2) . Specifically, participants living within 100 m of a major roadway were 23% (95% CI: 8, 40) more likely to have prevalent hypertension compared to participants living >1000 m from a major roadway. Further adjustment for potential causal intermediates (BMI, waist-hip ratio, diabetes, physical activity, and total cholesterol) or the local food environment (density of grocery stores, supermarkets, and limited-service outlets) did not materially change the results.
In a sensitivity analysis, we considered the natural log of distance to major roadway as a continuous variable and found that living 100 m versus 1000 m from a major roadway was associated with a 9% (95% CI: 3, 16) higher prevalence of hypertension. We used natural cubic splines to further explore the functional form of the association between residential distance to roadway and hypertension prevalence and found no evidence to suggest departure from a linear association on the log scale (Figure 2 ).
Results were not materially different in additional sensitivity analyses excluding participants living >4000 m from a major roadway (data not shown) or when we used an alternative categorization scheme for distance to major roadway (Table 3) . Adjusting for indicators of neighborhood socioeconomic status and food outlet densities within halfmile or 3-mile buffers rather than 1-mile buffers also yielded very similar findings (Table 4) .
We did not find evidence to suggest that the association between distance to major roadway and prevalence of hypertension varied by participant age or history of diabetes. However, the association was statistically significantly stronger among participants who were white (P h =0.016), had higher household income (P=0.013), had higher educational attainment (P h =0.006), and participants enrolled in the OS component of the WHI San Diego cohort (P h =0.022) ( Table 5) .
We additionally considered the cross-sectional association between residential distance to major roadway and SBP and DBP measured at study entry. SBP tended to be higher among participants living closer to major roadways-with the P-value from the test for linear trend ranging from 0.010 to 0.18-but the association was not entirely monotonic (Table 6 ). There was little evidence suggesting an association between distance to major roadway and DBP (Table 7 ). In exploratory post-hoc analyses we used Cox proportional hazards models to estimate the association between residential distance to nearest major roadway and incident hypertension among 979 participants free of hypertension at baseline and with at least 1 follow-up blood pressure measurement. During a median follow-up time of 3 years, 511 of the 979 (52.2%) participants developed incident hypertension; 43 of those participants lived within 200 m of a major roadway. There was little evidence in support of an association, but the confidence intervals were wide due to the small sample size (Table 8) .
Discussion
Few studies have evaluated the potential role of living close to major roadways as a risk factor for hypertension, and prior results have been inconsistent. In this cross-sectional analysis of 5401 participants enrolled in the WHI San Diego Cohort, we found that residential proximity to a major roadway was associated with the prevalence of hypertension as assessed at enrollment. This association was observed even after adjusting for a number of potential confounders including the local food environment and was robust to a number of sensitivity analyses. We also found results suggestive of an association between living close to a major roadway and elevated SBP, but not DBP, assessed at enrollment. 7 who found that participants in the Multi-Ethnic Study of Atherosclerosis living within 50 m versus >150 m from a major roadway had a significantly higher left ventricular mass index of the same magnitude as a 5.6 mm Hg increase in long-term systolic blood pressure.
As noted already, proximity to major roadways is associated with higher levels of both traffic-related air pollutants and noise, each of which may be associated with risk of hypertension. The mechanisms by which traffic-related air pollution may increase the risk of hypertension are incompletely understood. A large body of literature indicates that short-term exposure to traffic-related air pollution is associated with increased cardiac sympathetic nervous system activity, vascular resistance, and blood pressure. [42] [43] [44] [45] [46] [47] [48] [49] However, whether traffic-related air pollutants can lead to the long-term shifts in the renal pressure natriuresis mechanisms presumed to underlie chronic hypertension remains unknown. 50 The cardiovascular effects of exposure to noise are also poorly understood, but thought to involve a combination of autonomic nervous and endocrine system activation, psychological responses (eg, annoyance), and sleep disturbances. 28 It is plausible that our results reflect the combined effects of living close to both traffic-related noise and air pollution, but future studies that assess both these exposures simultaneously are needed. Prior studies suggest that residential proximity to major roadways is associated with increased risk of cardiovascular morbidity and mortality. [1] [2] [3] [4] [5] [6] [7] [8] [9] If causal, our findings raise the possibility that these associations may be mediated, at least in part, through an increased risk of hypertension. If so, prevention or treatment for hypertension may represent a BMI indicates body mass index; WHI, Women's Health Initiative. *Prevalence ratios expressed comparing someone living 100 m vs 1000 m from the nearest major roadway. Estimated from a model treating the natural log of distance to roadway as a continuous variable and adjusted for age, race, smoking, study component, education, household income, marital status, alcohol consumption, percent of population nonwhite and average household income in 1-mile buffer, BMI, waist-hip ratio, diabetes, physical activity, cholesterol, and the local food environment. Natural log of distance to major roadway modeled as a linear continuous variable and expressed as comparing someone living 100 m vs 1000 m from a major roadway. feasible strategy to reduce the public health burden of these effects. Studies are currently under way to formally test these hypotheses in cohorts with high-quality data on both incident cardiovascular events and incident hypertension. A prior study within the context of the CT component of the WHI found that the density of grocery stores and supermarkets around participants' residences was crosssectionally associated with both blood pressure and BMI, 37 potentially indicating that the local food environment may contribute to the development of hypertension. Interestingly, our results were robust to adjustment for the local food environment, suggesting that the local food environment was not an important confounder or mediator of the association between residential proximity to major roadways and prevalent hypertension. Moreover, our results were nearly identical whether or not we adjusted for potential intermediates between residential proximity to major roadways and hypertension, such as physical activity, BMI, and prevalent diabetes, suggesting that these factors were likely not important mediators of the observed associations.
Counter to our expectations, we found that the association between residential proximity to major roadways and prevalent hypertension was more pronounced among whites, those with at least a college degree, and participants recruited for the OS component of the WHI. At the same time, we did not find appreciable heterogeneity by age or diabetes history, again contrary to our expectations based on the broader literature on air pollution and health. Future studies across multiple geographic areas are needed to clarify whether these observations represent causal relationships or chance observations.
In exploratory, post-hoc analyses, we did not find evidence of a statistically significant association between residential proximity to major roadways at enrollment and risk of incident hypertension. In our basic model, not adjusting for potential causal intermediates (BMI, waist-hip ratio, diabetes, physical activity, and cholesterol), the hazard ratios for incident hypertension were elevated, but not statistically significant. These results were attenuated and close to the null after adjustment for these potential intermediates. However, the sample size for this analysis was inadequate and the confidence intervals around our point estimates were wide. Thus, based on these exploratory analyses, it is unclear whether residential proximity to major roadways might have different associations with prevalent versus incident hypertension. While a well-done longitudinal analysis of incident hypertension would be ideal, the San Diego cohort of the WHI is too small for this purpose.
Our study has other limitations worthy of discussion. First, because this is a cross-sectional analysis of prevalent hypertension, we cannot exclude the possibility that participants with hypertension are more likely to choose to live closer to major roadways. However, our results were robust to adjustment for a number of cardiovascular risk factors and individual and neighborhood-level indicators of socioeconomic status, limiting the potential for reverse causation. Nonetheless, adequately powered prospective studies of incident hypertension are needed to completely exclude this possibility. Second, we do not have data on residential history of participants, nor on the amount of time participants spent away from home. These sources of exposure misclassification may have biased our results either towards or away from the null hypothesis of no association. However, the utility of exposure measures based on current home address is supported by national surveys showing that Americans spend an average of 68% of their time at home, 51 and that this age group is expected to have limited residential mobility. Third, major roadways may carry a combination of truck (diesel) and car (predominantly gasoline in the United States) traffic, with potentially different effects on cardiovascular health. However, we were not able to assess this possibility. Fourth, living closer to a major roadway is associated with higher exposure to both air and noise pollution. [10] [11] [12] [13] As noted above, we did not have data on either air or noise pollution in the study area, and therefore cannot evaluate whether the observed associations are due to air pollution, noise, or other stressors related to living close to a major roadway. Fifth, although we controlled for a number of markers of both individual and neighborhood socioeconomic status, we cannot exclude the possibility of residual confounding by economic factors. Sixth, our study was limited to postmenopausal women living in the San Diego area, potentially limiting the generalizability of these findings to other geographic areas, younger individuals, or men. In particular, our results are not necessarily generalizable to other cities with very different vehicle fleets, fuels, or topography. On the other hand, our study has important strengths, including a well-characterized cohort, large sample size, and the ability to adjust for multiple potential individual and neighborhood confounders including the food environment.
Hypertension affects %78 million or a third of US adults and %1 billion adults worldwide. 52 Hypertension has been consistently associated with increased risk of adverse cardiovascular events, independent of other risk factors. Thus, identifying novel risk factors and potential targets for interventions that may reduce the risk of hypertension is an important public health goal. Our results suggest that among postmenopausal women, residential proximity to major roadways may be an important novel risk factor for hypertension. When comparing women living 1000 m versus 100 m from a major roadway, we observed an increase in prevalence of hypertension corresponding approximately to a 2-year increase in age in this cohort. If causal, these results suggest that regulatory efforts to reduce traffic emissions (noise and/ or air pollution) may reduce the public health burden of hypertension. Given the increasing proportion of the world's population living in urban environments and chronically exposed to potentially high levels of traffic-related air and noise pollution, as well as the high global rates of hypertension, additional studies are needed to confirm or refute these results.
